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;:. FINAL TECHNICAL REPORT on CONTRACT N0O0014-85-C-04066

n

A

o:: The bulk of the research’ performed under this contract has

) —+dealt with mathematical problems of nuwnerical occan acoustics,of

o .

the kind described in Ref. 1, pp. 043-54.-"These coucerned the

e
Y

|} . . . .

WA propagation of sound waves in (gencrally inhomogcencous) elastic
»

N fluids, with special refercnce to the consistercy of the elastic

. fluid model with 'ray thcory' (Fermat-Huygens), in predicting

W reflection, refragtion, and diffraction. AR

oo - - 7 S {

19 - ¢'/"‘ - - ~

80 T have written up most of the fruits of this research for pub-

) lication in Refs. 2-4, of which Ref. 2 hus appearcd (reprint cn-

o | - :
> closed). A copy of Ref. 3 has been retyped at the Naval Undervater

b

4 Systems Center for photographic reproduction.  Typescripts of Refs.

e 4 and 5 have been sent to the editors oi the Procecedings in which
o.: . .

" they will appcar. Much of Ref. 4 is a Jess detailed but more
q
X polished cxposition of results prescentced in Refs. 2 and 3. These

N

results include the following:

i
= A.  Formulation of a precise mathematicol definition of the concept

: of an inhemopcncous clastic JTluid (Ref. 3, Sec. 9 and Appendax

" C; cf. Ret. 2, Seccsy 160 and 15).
¥ ]

By B. Derivation plane of exact sccond-ordear Jinear didierential e
> tions for waves in inhomogencous Chaplygin fluids,  (Rei. 5,

Scecs. 10 and M4y Rel. ', Seo. 0).

'.:\' C. The conclusion that, in more than one dinencion, sound vaves ‘o e
' such fluilds will ususlly generate fivst-order vorticity (Rev, S,
o Secs. ¢ oandg 11). Thus the usual cecvaption of the exioten o o F_

" a velocity potential is not justiricd, even 1f there 15 nao M
- viscosity. 1

~ . .

:o:. b Ihe tentative conclusion that, nevertheress Foopnt!'s and -

Havo-ens' Principtos aie asyveptocicatts vatid o very short
) - o R . . . : R

" waves 1noavbilrary ciastic Plubds (R vl :
™ J |

)
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. Final Technical Report on Contract N00014-85-C-0466, p. 2

E. Clarification of the physical <1pn1f1can(c of the Sommerfeld-
Runge cikonal {function for sound waves in fluids (Ref. 2, Scc.
10; Ref. 3, Sec. 5; Ref. 4, Scc. 0).

Namely, each "eikonal surface'" on which the Sommerfeld-Runge eikannl
function assumes a constant value is asymptotically an ischaric

surface of constant pressure at all times, associated with "simplce”

Y sound waves (Ref. 1, p. 046) in which the fluid is constrained work-

lessly to move along acoustic rays.
The preceding results hold in static [luids. In wmoving fluids
1 (Ref. 3, Secs. 7-8), although ray thecory can still be applied, the

-

use of variational principles involves the concept of a Finsler
space, and very unfamiliar geomectrical ideas.

The elastic fluid models discussed above all conserve mechani-
cal energy; they do not predict any absorption or dispersion. I

have made a critical analysis, in historical perspective, of several
3 >

standard treatiscs concerned with models intended to explain theec

* &
related phenomena. My impressions, reported in Ref. 3 (Seccs. 3-56
and Appendix A) and Ref. 4 (Secs. 7-11), arec sumnmarized in the
Appendix to the present Report. 1 have cerrelated them with the
1i seicn of abcorntion apd dispersi Caarily in pasces) o
Ggiscuscicen eof abcorption apd dispersion (primarily in guses) on po.
8 4 C s 1 3 ] :
SA49-562 of Allap Picrce's adidrable hock Aconstics,
. . . “\'\‘ . .
~ My matn conclusion i1s that the stondard modern evplanation i
terms of relaxation tirwes, although sianty vears old, has not yetr hooen
;
h: * % . .
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Contract N(00014-85-C-0466, page 3

Final Tcchnical Report on

.- ‘~substantiated (especially in liquids) by clear answers to many busic

questions. These includce the following: A o

F. To what extent is the absorption of sound per wave length, o,
in air, C05, and othev dilute gascs determined by the absolute
tempcerature, 1, and the ratiow {/p of the {requency to the
pressure? 5

6. To what extent arc contributions to a from different causes
demonstrably additive, in gases and in liquids?

H. How well can onc predict the locations, breadths, and heights of
the two graphs drawn in Fig. 10-12 of Pierce? How well arce
thesce correlated cexperimentally, in gases and in liquids?

L. How are the bulk viscesities of liquids and gases best defincd

and mecasured?. The old book by A. Barr, A Manual of Viscometry,
on shear viscosity, scts a good exunple.

Computational acoustics. When this contract was sct up, |

planned to polish my 1983 soft-cover monograph Numerical TIFluid

Dynamics for publication in hard-cover {form, including in it new

material., A paper submitted to SIAM Review on "Differcence methods
for solving convection-diffusion equuations,' ccauthered by E.C.
Gurland, Jr., and R.E. Lynch, was written with this in nmind.  So was
the visit to Harvvard by Prof. lLynch in the swracr of 1986, during
which wo discussed tnproving Jdifference approxinations to Neumut
and mixed bhoundary conditions.  Since then, Prof. Lynch has incorp-
orated these into the Purdhe ELLPACK pockage, and written twe popers
on the sublicct.

I planned to dooextensive rewritine in conrection with g sciinay
on Nuwe ot elord o vnamics which Towesn sohedated 1o Jead ot the

Noval Postoradante Sohoel lost wintor, Tlowever . tnis projoct

ressed slowtyy and ofter o heart attach nade mee crve up this se

o Deverbher ) b oabhandoned Gt Instead, bospont e provariag Retoooy
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over half of which is devoted to publicizing the major role plaved

by navy-sponsored rescarch in the crucial carly development of
sgientific computing. This invited paper will appear in a volume

which, I believe, will be widely read.
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Appendix. Absorption and Dispersion ' :

Already by 1860, gencral mathematical thcories of viscosity

(Stokes) and heat copduction (Fouricr) had been constructed. Both

of these theories predict that sound waves in fluids should be sub-

jected to absorption and dispersion, and that the rate of internal

sound absorption, «, should be proportional to fz, the square of

P A Ay A

the frequency., Actually, the two theories can be incorporated into >

a more claborate theory of homogencous viscous thermoelastic {luids.

This thecory involves threc parameters besides those which character-

ize elastic fluids: the thermal conductivity x, the shear viscosity

v, and the bulk viscosity p'.

Until 1925, this theory scemed adcequate, partly because the
internal absorption and dispersion of sound in air and watcr, on a
laboratory scale (< 10m), arc almost imperceptible over the audible

'

range (roughly . 25 Hz-5 kHz). The effects of « and u' were simply

added to those of u, giving

(1) | I R N T

where typicolly € < C 4 €, < 2C in gascs,  Morcover, the cuon-
‘ ’ ¥ K | 1l N

cept of ¢ viscous thermoclantic fluiﬁ wius belicved to be confire o

by the Maxvcell-BPoltomann Kivetic theory of gases, because this theory
explaincd plousibly variations in op and « with changes in the tope :
perature T oand pressare peo 1t also predicts that, in gases ot .

piven tempesature, csheuld be o a Tunctten of P alone,

However, bhecinning avoned 19050 observations of uilotrasont
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Appendix, p. 2
waves in the range 5 kHz-1 milz revealed rates of internal sound

absorption in {luids of Wa . - 100cxCP or even more. These are

generally attributed to molecular relaxation effects, associated

with "relaxation times" T required to transfer "rotational' to

1

R b A d v s Al S St B o of S

"translational” energy. In gases, this concept can be rationalized
in terms of Maxwell-Boltzmann mass-spring models of molecules; more-
over, kinetic theory suggesrs'that ‘e sheould be a single-valued
function of the ratio f/p of the sound wave frcquency to the gas
pressure. From 1925 to 1940, discoveries of major deviations from
(1) in gascs and liquids were correlated with developments in

theoretical molecular phvsics, which was being revolutionized by

.

quantum mechanics.

After World War II, intense intercest 1n shock waves helped to
stimulate cxtensive further studies of the absorption of mechaniciul
energy in 80 or more chemically pure fluids. Liquids were classi-
fied into wualitatively different types, as regards thelr sound
absorpticen propertics. In addition, important cffects of 1mpuritics
and sound sbsorption ia mixtures (such as air) contanuved to be
studied.

Bull viscosity alsoe received carclul scrutiny for the first
time after 1940, Jdhus Gol, Tevior (Scientilic Papers, v, #.23)
showed that air bubbles ia water can, theoretically, make w5 o= 070
Cliftord Trocodelt made the first riporous analvein ol tho theviceo
cal dependonce of woen e dimensitoptoss vatios o'/ ond Pr -y
inoo oceneral viscous therroclastic fluid, and ol theoretinl devias

1

tions froe 0120 s critique of proced e uned o dit Moo atoen
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Appendix, p. 3

times" to empirical data has never been clearly answered. It would

- be desirable to have a clearer idea of the magnitude of Trucsdell's

corcctions to formula (1), which is still believed to hold (with

' = 0) for inert gases like He.

u
Of even greater intercst is the cmpirical evidence for Pierce’

formula (10-8.11),
(2) a(f) = o () +Ja ()

where diffcrent o dominatce over different ranges of £, and his
analogous formula (10-8.16) for dispersion. It is not clear for
which gases and liquids these formulas have beon proven cexperivent-
ally to held, with what precision over what raunges of f  and stote
(p,T). Likewise, for which pure and impurc {1luids have the paran-
eters (avx)m and T, which occur in these formulas been decduced
from genceral basic formulas of quantum mechonics, and with what
precision?

Until such questions (which are related to Questions F-
stated in the body of this report) are answered, 1 think that the
status of 'relaxation tine' rationalizetions of chsorptiorn and dis-
persion phenomena yescembles that of 'clussical! rationalizations os

of 1900. Although highly plausible, their range of validity

(cspecially for liquids) is unclear!
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